Abstract: Transformation plasticity and kinetics play an essential role in the prediction of residual stresses resulting from transformation. This paper is devoted to the investigation of the influence of stress on the kinetics and transformation plasticity of ferrite for H420LA steel. It has been shown that under small external stresses, lower than the yield stress of the weaker phase, the ferrite transformation is inhibited at the beginning of the transformation in the continuous cooling process and the mechanical stabilization of austenite is observed, due to transformation hysteresis effects. This phenomenon affects the metallurgical and mechanical behaviors of the transformation progress. However, most existing models ignore these effects, leading to deviations in the description of transformation plasticity during the transformation progress. Considering the hysteresis effects, the micromechanical model for kinetics and transformation plasticity is reexamined. A general formulation of austenite decomposition kinetics accounting for these effects is developed to better describe the phase transformation under a continuous cooling process. In addition, the influence of hysteresis effects on the evolution of transformation plasticity is analyzed. Consideration of the hysteresis effects decreases the discrepancy between the calculated and experimental values. This will allow better prediction of residual stresses in the thermomechanically controlled processes.
Introduction
There are two types of interactions between stress and phase transformation: metallurgical and mechanical [1] . Metallurgical interactions affect the kinetics and modify the morphologies of the phase transformation products. Mechanical interactions are related to transformation plasticity, which is a kind of plastic strain that occurs under uniaxial stress during metallurgical transformations [2] . These two interactions dominate the residual stress distribution inside the material during continuous cooling. Therefore, an accurate description of the kinetics and transformation plasticity is crucial for understanding the microscopic mechanism of residual stress.
The effects of stress on the kinetics and transformation plasticity continue to receive significant research attention. The work of Johnson and Mehl [3] and Avrami [4, 5] led to significant advances in the prediction of the kinetics and isothermal transformations. They studied the relationship between the percentage of the new phase formed and time and proposed general relations for the kinetics. Following this work, Denis et al. [1] and Fernandes et al. [6] introduced the influence of external stress and revised the Johnson-Avrami-Mehl equation. For the continuous cooling process, the Scheil equation [1] has been widely used to calculate the early stages of the transformation from the incubation periods during isothermal transformations. However, it is difficult to predict the volume fraction of the transformation product accurately with this equation. Therefore, a kinetics function for the prediction of austenite decomposition during the continuous cooling of steels must be developed.
From a microstructural viewpoint, two mechanisms are usually considered to explain transformation plasticity: the Magee mechanism (1966) [7] and Greenwood-Johnson mechanism (1965) [8, 9] . For diffusional metallurgical transformations, the Greenwood-Johnson mechanism seems to be dominant over the Magee mechanism [10] . Greenwood and Johnson first established the relationship between the external stress and phase transformation plasticity. Following their work, a more complete formulation that accounted for the transformation plasticity progress and introduced transformation plasticity kinetics was proposed by Abrassart, Desalos, and Leblond et al. [11, 12] However, it was assumed that the external stress does not affect the transformation kinetics in these studies, and the transformation hysteresis effects were ignored.
In recent years, with the growing problem of residual stress in the welding and quenching process, the research on transformation plasticity and kinetics has gradually shifted from theoretical research to application [13] [14] [15] . Transformation plasticity has been already formulated in a system of constitutive equations, integrated in the commercial software for predicting the residual stress distribution [16, 17] . However, since the microalloyed high strength steels are usually composed of multi-phase microstructure, the study of multi-phase microstructure transformation plasticity has become a new focus [18, 19] .
The purpose of the present work was to investigate the influence of transformation hysteresis effects on the kinetics and transformation plasticity of the ferrite transformation for H420LA steel in EN-10268. Moreover, a new kinetics model that provides a better description of the experimental results under continues cooling was developed. It will then be shown that considering hysteresis effects may remove the singularity of the transformation plasticity at the beginning of the ferrite transformation.
Materials and Methods
The experiments presented in this paper were carried out using H420LA hot rolled steel, provided by the HBIS Group Technology Research Institute (Shijiazhuang, China), which had the chemical composition shown in Table 1 . Thermomechanical simulations experiments were performed on a Gleeble 3500 simulator (Dynamic Systems Inc. Poestenkill, NY, USA). The specimens were cylindrical with diameters of 6 mm and lengths of 15 mm (Figure 1 ). Two tests were performed: a free dilatometry test and a loading dilatometry test, and the thermal cycle process was the same in both experiments, as shown in Figure 2 . The specimens were heated up 960 • C with the heating rate of 10 • C/s, held at a 960 • C for 5 min (austenitization), and then cooled to 25 • C. To achieve desired metallurgical phase, the cooling rate was −10 • C/s for all tests. In the free dilatometry process, specimens underwent temperature cycling only. In the loading dilatometry process, a stress was applied to the specimens at about 810 • C, which is before the onset temperature (800 • C) of the ferrite formation during cooling. The stress was maintained for the whole process. Several loading dilatometry tests were performed with tensile and compression uniaxial stresses. The 
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experimental results are shown in Figure 3 (tensile tests in Figure 3a and compression tests in Figure 3b ). At the beginning of transformation, the ferrite formation was inhibited by the uniaxial load in the elastic regime. Compressive and tensile stresses reduce the initial temperature of ferrite transformation. Herein, this phenomenon is referred to as the transformation hysteresis effect.
The onset temperature and hysteresis time of the ferrite transformation under different uniaxial loads are shown in Table 2 . These results indicate that the transformation hysteresis effects under small external stresses were more significant, and as the load increased, the hysteresis time was gradually reduced. Under a 15 MPa stress, the hysteresis time of the phase change was 7.5 s. When the load was increased to 45 MPa, the hysteresis time was shortened to 2.3 s. The effect of compressive stress was similar to that of tensile stress. 
Accelerated Phase Transition
According to the lever rule [20] , the volume fraction of the α phase (ferrite phase) ξ can be calculated experimentally according to the following equation:
where
is the (total) radial expansion ratio measured experimentally during the loading dilatometry test, T is the reference temperature at which austenite is completely transformed into ferrite/pearlite (about 422 • C in this test), T i is the temperature at any point during the phase change process, and α F and α A are the dilation coefficients depending on the temperature of the α and γ phases (austenite phase), respectively. These parameters can be obtained from the free dilatometry experiments. The volume fractions of ferrite transformation under continuous cooling were calculated from the experimental results, and some of them are presented in Figure 4 (tensile tests in Figure 4a and compression tests in Figure 4b ). These results show that the kinetics of ferrite phase transformation were accelerated by both uniaxial tensile and compressive loading. Moreover, the acceleration effect under large stresses was more significant than that under small stresses. Similar conclusions were observed from other steels by Denis et al. [1] . In this work, under free stress conditions, it took about 25.7 s to complete a 95% ferrite transformation. When the load was increased to 45 MPa the transformation time was shortened to 16.3 s. The relationship between the transformation time and uniaxial loads is presented in Table 3 . It is obvious that the transformation time decreased as the applied stress increased and the applied stress shortened the phase change time. The austenite decomposition is an interface-controlled diffusion transformation. Thus, the main factor affecting the transformation velocity is the orientation relationship between the grain boundaries. Ferry and Humphreys [21] studied the mobility for the low angle boundaries of Al-0.05% Si, which showed that the mobility was increased 13 times by increasing misorientation by only 2-5 • . Gottstein et al. [22] reached the same conclusion using an activated enthalpy viewpoint, concluding that the activation enthalpy of the high-angle grain boundary was significantly smaller than that of the low-angle grain boundary, and the migration activity at the phase interface was greater. The stress increases the grain boundary angle as well as the moving speed of the interface, and the transformation is accelerated. 
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and transformation plasticity [10] , expressed as follows:
where ( 
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The thermo-metallurgical component can be measured experimentally from the free 155 dilatometry tests. The elastic component can be calculated using Hooke's law:
where σ is uniaxial stress, μ is coefficient, here μ = 0.3, and is the Young's modulus. Assuming a 
Transformation Plasticity Coefficient
To experimentally investigate the relationship between uniaxial loads and transformation plasticity, we considered the deformation measured in the free dilatometry test to be purely thermo-metallurgical. The total observed macroscopic deformation in the applied stresses dilatometry test is the sum of four contributions: thermo-metallurgical, elastic, classical plasticity, and transformation plasticity [10] , expressed as follows:
is the total macroscopic deformation, The thermo-metallurgical component can be measured experimentally from the free dilatometry tests. The elastic component can be calculated using Hooke's law:
where σ is uniaxial stress, µ is coefficient, here µ = 0.3, and E T is the Young's modulus. Assuming a linear mixture rule, the Young's modulus of the phase mixture (α + γ) has the following form:
where E T F and E T A are the Young's moduli of the α and γ phases, respectively. In the elastic regime, specimens do not exhibit classical plastic deformation. Thus, Equation (2) can be rewritten as the following equation:
Transformation plastic strain in loading direction will be given by:
The transformation plastic strain can be obtained from the data using Equation (6), as shown in Figure 5 . Qualitatively, it can be observed tensile stresses lead to positive transformation plastic strains and vice versa. In the low stress range (±15 MPa), the tensile stress had a more significant effect on the transformation plasticity, which was three times greater than that of the compressive stress. With the increase of the stress magnitude, the transformation plasticity of the compressive stress gradually exceeded that of the tensile stress. Under a −45 MPa stress, the transformation plasticity of compressive stress was 19% higher than that of the tensile stress.
The transformation plastic strain can be obtained from the data using Equation (6) 
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Based on the Greenwood-Johnson mechanism, transformation plastic strains often exhibit the 170 following general form [11, 23] :
where k is the transformation plasticity coefficient, σ is the uniaxial stress, ξ is the volume fraction 
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If the applied load is less than the yield stress below the temperature at which the phase Based on the Greenwood-Johnson mechanism, transformation plastic strains often exhibit the following general form [11, 23] :
where k is the transformation plasticity coefficient, σ is the uniaxial stress, ξ is the volume fraction proportion of the new phase, f (ξ) is a function that expresses the kinetics of the plastic transformation. Transformation plasticity is a special type of plasticity that occurs under uniaxial loads during transformation. Therefore, when ξ = 0, transformation plasticity is equal to zero, and when the transformation ends, it is equal to one, described by the following equation:
If the applied load is less than the yield stress below the temperature at which the phase transition begins, and the applied load does not produce any classical plastic deformation, the phase transformation plasticity coefficient k can be considered to be constant, calculated by the following equation:
Under these conditions, several tensile and compressive tests, in which the applied stress magnitudes were equal to 0, 15, 30, and 45 MPa, were performed. The average value of transformation plasticity coefficient k obtained from the experimental results was 1.219 × 10 −4 MPa −1 (see Table 4 and Figure 6 ). 
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the experimental data using Equation (10):
where is onset temperature of ferrite transformation, ̅ is the equivalent stress.
198 Figure 6 . Relationship between transformation plastic strains and uniaxial loads.
Discussion
Modeling the Transformation Hysteresis Effects
From the applied stress dilatometry tests, transformation hysteresis effects were apparent under small external stresses, and the hysteresis time gradually shortened as the stress increased, as shown in Figure 7 . The tests showed that the hysteresis times of transformation are similar when tensile and compressive stresses with same magnitude are loaded. From a modeling viewpoint, the transformation hysteresis effects function caused by the equivalent stress can be fitted according to the experimental data using Equation (10):
where F S is onset temperature of ferrite transformation, σ is the equivalent stress. 
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austenite was mechanically stabilized due to the pre-deformation of austenite, which can lower the Xu [24] investigated the martensitic transformation under external stress and found that the austenite was mechanically stabilized due to the pre-deformation of austenite, which can lower the Martensitic transformation onset temperature, Ms (Martensite start temperature), and inhibit the martensitic transformation. Xu [25] proposed that this phenomenon may result from the hindrance of directional growth of martensite by dislocations formed during deformation.
The results presented herein also show mechanical stabilization of austenite in the early stage of ferrite transformation under an applied stress in the elastic regime, but the mechanism may be different from the martensitic transformation. In addition, more tests are necessary to determine whether this phenomenon persists when the applied load is greater than the yield strength of the parent phase.
Analysis of Transformation Hysteresis Effects
The onset temperature of transformation is determined by two key factors, namely the critical nucleation and activation energies. When the new phase nucleates homogeneously in the parent phase, its critical nucleation ∆G* is determined by the transformation free energy, elastic strain energy, and interface energy [26] , expressed as follows:
where ∆G* is the critical nucleation energy, ∆G V is the phase change free energy per unit volume, ∆G EV is the elastic strain energy per unit volume, and ρ is the unit interface energy between the new and parent phases. The homogeneous nucleation rate, I, can be calculated by the following equation [26] :
where K is a constant independent of temperature, d* is the size of the critical core, Q is the diffusion activation energy, m is the Boltzmann constant, and T is the phase change temperature. Under small external stresses, a mismatch between the austenite grains can be accommodated by elastic coherence. At this time, the unit interface energy ρ remains unchanged, and the elastic strain energy ∆G EV rises, resulting in a decrease in |∆G V + ∆G EV | and an increase in the critical nucleation energy ∆G*. According to Equation (12) , the nucleation rate, I, will decrease under this condition. Therefore, applying a small external stress on the specimen during the transformation process leads to the occurrence of transformation hysteresis effects.
As the applied stress is gradually increased, the lattice spacing of the parent phase will continuously expand, resulting in a decrease in the activation energy Q, which controls the atom migration from the parent phase to the new phase. Therefore, in the elastic regime, the mechanical stabilization of austenite under small stresses is more obvious. Moreover, as the load increases, the transformation hysteresis effects are gradually weakened.
Kinetics Function Based on Hysteresis Effects
In typical treatments, the Johnson-Avrami-Mehl equation [3, 4] is a general function for describing the isothermal transformation. However, non-isothermal transformations are more common in industrial applications. Therefore, it is necessary to develop a function similar to the Johnson-Avrami-Mehl equation to describe the kinetics during continuous cooling process. For this reason, considering the influence of temperature and applied stress on the volume fraction of the new phase, the following empirical kinetics function for ferrite transformation under continuous cooling conditions is proposed:
where n and b are kinetics constants. The kinetics constant n is mainly influenced by the applied stress.
Considering the hysteresis effects, substituting Equation (10) into Equation (13), ξ is given by the following equation:
The volume fraction of ferrite transformation was fitted using Equation (14) to obtain n and b values under different loads. The fitting results for 15, 30, and 45 MPa loads are presented in Figure 8a -c and Equations (15)- (17), respectively. This new kinetics equation for ferrite transformation agrees well with the experimental values. Using this model, the volume proportion of the product phase under external stresses in the continuous cooling process can be described accurately.
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Hysteresis effects on Transformation Plasticity
To estimate the transformation plasticity evolution, transformation plasticity kinetics must be considered, according to Equation (7) . Table 5 shows the transformation plasticity kinetics functions f (ξ) proposed by Abrassart, Desalos, and Leblond et al. [11, 12] . Table 5 . Transformation plasticity kinetics functions.
The transformation plasticity under small stresses was calculated based on the empirical transformation plasticity kinetics model and compared with the obtained experimental result. Some results are presented in Figure 9 . 
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To eliminate the effect of hysteresis on the evolution of transformation plasticity, the initial Compared to Abrassart's and Leblond's empirical model, Desalos's function best represents the experimental data, whereas Abrassart's and Leblond's function largely overestimates the experimental results. However, one significant discrepancy is apparent for Desalos's function: the phase transformation plasticity at the initial stage of transformation is overestimated. At the end of the phase change, the transformation plasticity magnitude calculated by the three empirical models are all consistent with the experimental results.
The differences between the experimental and calculated values, can be attributed to the transformation plasticity kinetics. These classical models, such as the widely used Desalos's model, assumed that uniaxial stress does not influence the transformation plasticity kinetics. The experimental results in this work (Figure 3a,b) showed that the transformation characteristics could be modified under small applied stresses (elastic regime). This becomes more significant under small applied stresses, such as ±15 MPa. In addition, applied stresses also modify the starting and ending temperatures of ferrite transformation, as shown in Figure 4a ,b. Indeed, applied stresses influence the transformation plasticity kinetics. Consequently, using the free dilatometry data to calculate the transformation plasticity, as used in Desalos's model, leads to overestimation of the transformation plasticity at the beginning of the transformation.
To eliminate the effect of hysteresis on the evolution of transformation plasticity, the initial transformation temperature of Desalos's empirical model [11] is reduced by 23 • C (for 45 MPa uniaxial tensile load) and 22 • C (for −45 MPa uniaxial compression load), according to the experimental results shown in Table 2 . The calculated value of the compressive stress agrees with the experimental value (Figure 10b ), and the difference between the calculated and experimental values for the tensile stress is also reduced (Figure 10a) . Therefore, accounting for the influence of the transformation hysteresis effects enables a better description of ferrite transformation under small external stresses and removes the deviations at the beginning of the transformation.
small external stresses and removes the deviations at the beginning of the transformation. 
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Conclusions
In this paper, the kinetics and transformation plasticity for H420LA steel were considered. The following conclusions can be drawn:
(1) The ferrite transformation is inhibited by uniaxial loads (less than the yield strength of the parent phase) at the initial stage of the transformation during the continuous cooling process. This may be result of the elastic strain energy increase due to the external stress. Therefore, the anisothermal transformation curves are displaced to lower temperatures. Whereas, as the applied load increases, the activation energy, Q, which governs the transformation from the mother phase to the new phase, decreases, and the resulting the phase transformation hysteresis time is shortened. For H420LA ferrite transformation, the hysteresis time is 7.5 s under the 15 MPa uniaxial tensile stress, and it is shortened to 2.3 s under the 45 MPa uniaxial tensile stress.
(2) The hysteresis effects change the starting and ending temperatures of the transformation, modify the kinetics, and also lead to a deviation of the transformation plasticity at the beginning of the transformation.
(3) A general kinetics formulation for ferrite transformation dependent on external stress during the continuous cooling process was developed. The transformation hysteresis effects caused by a uniaxial applied load were considered in this proposed model. The model exhibits good agreement with the experimental results.
(4) The transformation plasticity kinetics used in practical applications do not account for the transformation hysteresis effects caused by uniaxial applied load, which leads to an overestimation in the description of the transformation plasticity at the initial stage of the transformation. Considering the transformation hysteresis effects, the calculated value at −45 MPa was in good agreement with the experimental results, and the results at 45 MPa approached the experimental value.
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